The polycrystalline of Ni-Cd ferrites were prepared by the technology sol-gel with participation of autocombustion and sintered at temperature 1573 K in air. Low field hysteresis measurement was carried out at room temperature at frequency of 200 Hz and at the field range 1600-16000 A/m. The increase of Cd 2+ ions yields the increase of specific saturation magnetization σs and magnetic moment mexp up to x  0.3 then decrease thereafter. The Neel's two sublattice model can be applied to the sample up to x  0.3. The composition dependence of the specific saturation magnetization and magnetic moment for 0.4 ≤ x ≤ 0.6 were explained on the basis of the existence of Yafet-Kittel angles on the B-site spins. The temperature variation of the initial permeability μi of these samples was carried out from 300 to 900 K. The initial permeability increases with increasing Cd content up to x  0.3 after that it decreases. It was found that Curie temperature Tc decreases from 831 to 697 K.
INTRODUCTION
Ferrites are used in various technological applications due to their high electrical resistivity and wide range of saturation magnetization [1, 2] . Nickel ferrite NiFe2O4 in pure and substituted form constitutes technologically important materials, which have been studied in many experimental and theoretical works [3] . Cadmium ferrite CdFe2O4 is well known as one type of the geometrically frustrated systems [4] . According to literature report [5] cadmium ions occupy tetrahedral A-site. The substitution of Cd 2+ in ferrite is well-known to enhance the magnetic properties like saturation magnetization [6] .
Ni-Cd spinel ferrite synthesized by ceramic technique in bulk form has been investigated by many workers [7] . There are many methods for preparation of nanoparticle ferrites [8] . Also for reduction in the grain size of polycrystalline ferrites new methods such as hydrothermal synthesis [9] , chemical co-precipitation [10] , sol-gel methods [11] are used to form a finegrained ceramic. The properties of nanoparticles are interesting due to the presence of very highly disordered grain boundaries. The geometrically frustrated antiferromagnets are distinguishable from other magnetic systems in a number of exceptional features as their formation, to a great extent, depends on the range as well as the nature of the interactions between the magnetic ions in the systems [12] .
The aim of present work is study the role of Cd 2+ ions substitution at tetrahedral A-site by replacing Ni 2+ ions and their effect on magnetic properties of NiFe2O4 prepared by the technology sol-gel with participation of auto-combustion (SGA).
EXPERIMENTS
Cadmium substituted ferrites with the general formula Ni1 -xCdxFe2O4 (x  0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) have been prepared by SGA technique. The detailed process is described as follows: citric acid (C6H8O7·H2O), ferric nitrate (Fe(NO3)3·9H2O), nickel nitrate (Ni(NO3)2·6H2O) and cadmium nitrate (Cd(NO3)2·4H2O) were used as starting materials. The molar ratio of metal nitrates to citric acid was taken as 1:1. The metal nitrates were dissolved together in 50 ml of distilled water to get a clear solution. An aqueous solution of citric acid was mixed with metal nitrates solution. Then ammonia solution was slowly added to adjust the pH at 7. The mixed solution was dried at a temperature around 403 K. During evaporation the solution become viscous and finally formed a xerogel (Fig. 1) . After several minutes the xerogel automatically ignited. The decomposition reaction would not stop before the whole citrate complex was consumed. The auto-combustion was completed within a minute, yielding the nanopowders (Fig. 2) . The X-ray diffraction (XRD) patterns were recorded at room temperature on Dron 3 X-ray diffractometer using CuK (  0.15418 nm) radiation. The scanning was done in the 2 range from 15° to 60°. After completing the process auto-combustion was obtained one phase of NiFe2O4 powder which corresponded to the cubic structure of spinel space group Fd3m. Ferrite powders, replaced by nonmagnetic ions, were contained additional phases oxides NiO, CdO and α-Fe2O3. After annealing at a temperature of 1173 K for 3 hours was received monophasic powders. Te average size of coherent scattering regions of monophasic powders was in the range 42-61 nm [13] . The formed core of ferrite powders in the form of a thoroid was subjected to annealing at a temperature of 1573 K for 5 hours in an atmosphere of air with slow cooling. The measurement of the inductance L of the coils was carried out at a frequency of 1 kHz using a digital LCR meter E7-8 in a weak magnetic field in the temperature range of 293-873 K. The investigation of the magnetic properties of the samples was carried out by constructing magnetic hysteresis loops obtained with the help of an electronic digital ferrometer F-5064 at a frequency of 200 Hz.
RESULTS AND DISCUSSION

Magnetic Studies
The compounds of the system Ni1-xCdxFe2O4 showed a definite hysteresis loop at room temperature, which indicates the ferrimagnetic behaviour (Fig. 3) . From the hysteresis loops, the coercive force HC and specific saturation magnetization s have been calculated and are listed in Table 1 . From Table 1 it is seen that the specific saturation magnetization increases with increase in cadmium content upto x  0.3 and shows decreasing trend later on. This is due to the fact that cadmium ions have the preference for tetrahedral A sites, nickel ions for octahedral B sites and iron ions are distributed among octahedral and tetrahedral sites. The cation distribution is given by
where the ions enclosed by round brackets correspond to tetrahedral or A-site and the ions enclosed by square brackets corresponds to octahedral or B-site. According to the Neel's model the resultant magnetization is the difference between A-site and Bsite magnetization, provided that they are collinear and anti-parallel to each other. Mathematically,
The substitutions of non-magnetic divalent cadmium ions on the A-sites transfer the trivalent iron ions on B sites affecting the magnetic moments of individual sub lattice and A-B interactions. As the cadmium ions increase at A site, the magnetization of tetrahedral site decreases, this results in an increase of net magnetization, which is in agreement with Neel's model.
With further increase in cadmium concentration Neel's two sublattice model is unable to explain the decrease of magnetization beyond x  0.3 at room temperature. The decrease of magnetization can be treated theoretically by triangular arrangement of spins as proposed by Yafet and Kittel. Therefore, in the present system the concentration dependence of σs can be attributed to canting of spins which gives rise to YafetKittel (Y-K) angles, suggesting A-B and B-B super exchange interactions to be comparable in strength. Y-K angles are computed from the data obtained in the hysteretic experiment using following equation:
where mexp is expressed in the units of Bohr-magneton and x represents the contents of cadmium. The Y-K angles are found to increase with the increase of Cd-content ( Table 1 ). The physical origin of this spin arrangement is from the canting of the spins in the B-sublattice due to weakening of the intersublattice interaction JAB and enhancing of intersublattice interaction JBB on nonmagnetic Cd 2+ substitution in the A-sublattice. As in the case of spinels, JBB is antiferromagnetic, the B-sublattice splits into two sublattices forming Y-K angle between the directions of the spins resulting in a decrease of net Bsublattice magnetization. If the spin canting has not occurred with higher Cd-content, the magnetic moment of the entire series would increase monotonically reaching a value of 10 μB for CdFe2O4 [14] .
The observed magnetic moment dependence on Cd concentration is depicted in Fig. 4 , which supports the above argument that Bohr magneton values initially increase with increasing Cd content, supporting Neel's two sublattice model, reaches to maximum and then decrease at x  0.3, suggesting change of spin and prevalence of the canted spin arrangement effect in this compound after Cd content. It was detected that the observed magnetic moments for samples with x ≤ 0.3 are slightly less then the calculated one. This small variation may be due to the preparation technique.
Initial Magnetic Permeability Measurements
The magnetic initial permeability  for the material is expected to strongly depend on the microstructure, as the magnetic initial permeability represents the mobility of magnetic domain wall in response to the small applied field. The temperature variation of magnetic initial permeability for Ni-Cd samples is shown in Fig. 5 . The i verses x curve of Ni-Cd samples show that μi increases for x ≤ 0.3 and decreases for x > 0.3.
The temperature dependence of magnetic permeability at frequency of 1 kHz is shown in Fig. 6 . The straight-line of i(T) graphic dependence are used to determine the Curie temperature TC. The study of the temperature variation of initial magnetic permeability curves of Ni1-xCdxFe2O4, with x ≤ 0.5, compounds show a typical Hopkinson effect. For these samples i increases with increasing temperature giving a peak value and then suddenly drops just before the Curie temperature. This is a characteristic behaviour of sample having a single domain grains. Moreover, these samples are showing sharp decrease  at TC indicating that impurity phases are not present in the sample and there is single phase formation. This fact is also evidenced by XRD patterns [13] . The sintered at T = 1573 K Ni0,4Cd0,6Fe2O4 sample is not single-phase. The absence of single-phase structure is supported by the fact that Hopkinson's effect was not observed.
Fig. 5 -Variation of magnetic permeability with composition x
The experimental Curie temperature TC for Ni-Cd compounds is listed in Table 2 . It is observed from Table 2 that the TC decreased with the Cd 2+ substitutions. The non-magnetic Cd 2+ ions are replacing the Ni 2+ ions having magnetic moment of 2 μB. Therefore, a decrease in the density of magnetic ions is observed and the magnetic moment of the sublattices is expected to decrease. This weakens the A-B exchange interactions of the Ni-Cd system. Since TC is determined by an overall strength of the A-B exchange interactions, the weakening of the Fe 3+ (A)-O 2 --Fe 3+ (B) interaction results in a decrease of the TC, when the substitution of Cd 2+ increases in the NiFe2O4. The decrease of TC can be well correlated with the observed values of Y-K angle in the ferrites.
The theoretical calculation of the Curie temperature for substituted ferrite was obtained by Upadhyay and Baldha model, which instead of considering three magnetic ions per formula unit, considered magnetic moment per formula unit given by equations: The formula for determination of Curie temperature as they put forth is:
where TC (x  0) is the Curie temperature of unsubstituted ferrite (845 K [15] ), and 
is the number of relative weighted magnetic interactions per formula unit,
where  is the fraction of Ni 2+ ions on A site.
Thus the Curie temperature is proportional to the number of active magnetic linkages and can be calculated by using formula:
The Curie temperature calculated theoretically is given in the Table 2 . For samples with x  0.3 the TC determined theoretically agrees very well with experimentally determined TC indicating the applicability of theoretical model to the present study. The experimental values TC are lower than that of reported by Devmunde et al. [16] and are higher than that of reported by Lee et al. [15] . The reduction of Curie temperature in the synthesized nanoparticles is attributed to the existence of a "dead" surface layer for each particle in which magnetic moments do not contribute to the magnetization in the applied field [17] . The lower values of magnetic parameters could be attributed to the fact that surface distortion due to interaction of the transition metal ions with the oxygen atoms in the spinel lattice can reduce the net magnetic moment in the particle.
CONCLUSION
The Ni1-xCdxFe2O4 ferrites were synthesized by the technology sol-gel with participation of autocombustion at low temperature. Formation of cubic spinel structure was confirmed by X-ray diffraction analysis.
The occurrence non-collinear spin arrangements results in a sharp decrease of specific saturation magnetization with x  0. Ключевые слова: Ферриты, Удельная намагниченность насыщения, Магнитный момент, Началь-ная проницаемость, Температура Кюри.
